In early amphibian development, interactions between fibronectin and both ectoderm and mesoderm cells are critical in the progression of gastrulation movements. In the Pleurodeles waltl embryo, it has been established that ectoderm cells of the animal hemisphere organize a fibrillar-extracellular matrix containing fibronectin. Mesoderm cells migrate along the blastocoel roof using these fibronectin fibrils as substratum. Fibronectin is an adhesive glycoprotein which possesses multiple cell-binding domains. From previous studies, it is clear that amphibian ectoderm and mesoderm cells interact with fibronectin in an RGD-dependent manner, whereas the contributions of RGD-independent domains in the adhesive behaviors of gastrula cells has not been defined. To study this question, we have used bacterially expressed Pleurodeles waltl fibronectin-fusion proteins. The approach consisted of in vitro adhesion assays with either isolated cells or tissue fragments of embryos dissected at the onset of gastrulation. Tissues were obtained from regions of the embryo which represent presumptive ectoderm cells or from the dorsal-marginal zone which contains cells of the presumptive cephalic, chordal and somitic mesoderm. The results show that both the RGD-dependent and the Hep II domains of fibronectin mediate attachment and spreading of isolated cells. Both regions cooperate to control the proper expansion of a sheet of dorsal mesoderm cells. The Hep II domain promotes the migration of cells ahead of the mesoderm-cell sheet.
Introduction
Fibronectin is a dimeric glycoprotein of high molecular mass formed of two subunits joined at the carboxyl terminus by two disulfide bonds. Each subunit consists of three repeated motifs known as type I, II, and III. The repeats are assembled into domains, which have distinct binding activities toward collagen, thrombospondin, fibrin, heparan sulfate and cell surface receptors. It has been shown that cell adhesion occurs in an Arg-Gly-Asp (RGD)-dependent and -independent manner involving multiple cell recognition sites along the molecule (Yamada, 1991) . The RGD sequence, located in the 10th type III module, promotes the adhesion of a number of cell types (Pierschbacher and Ruoslahti, 1984; Yamada and Kennedy, 1984) . The RGD sequence is reported to other ROD-independent binding domain, the Hep II domain is located in the carboxyl-terminal region of each fibronectin monomer. It possesses a cell-binding activity and an affinity for both heparan sulfate and sulfated glycosaminoglycans (Haugen et aI., 1990; Fujita et aI., 1995) . In its C-terminal end, two sites called FN-CIHI and FN-CIHII promote attachment and spreading of human melanoma and neuroblastema cells (Mould and Humphries, 1991) . The IDAPS sequence of the type III-14 repeat has also been shown to support cell attachment via the integrin a4~1 (Mould and Humphries, 1991) . Finally, recent studies indicate that another RODindependent domain is able to promote cell attachment. It corresponds to the spliced domain of fibronectin termed Culp, 1994, 1995) .
During amphibian development, the fibronectincontaining extracellular matrix regulates cell migration and motility (Boucaut et aI., 1984; Winklbauer, 1990; Howard et aI., 1992; DeSimone, 1994) , cell guidance (Shi et aI., 1989; Winklbauer and Nagel, 1991) and contains information for left-right axis determination (Yost, 1995) . At the onset of gastrulation, the embryo is spherical and contains a cavity in the animal hemisphere, called the blastocoel, which is delimited by cells forming the blastocoel roof. In Pleurodeles embryos, the blastocoel roof contains two types of tissues interacting with the extracellular matrix that contains fibronectin. The EIIIA and EIIIB are the type III repeats known to be entirely included or spliced out. The seven fusion proteins are drawn. The putative cell binding domains that they contain are indicated. FPI, fusion protein containing the ROD, synergistic sites and the Hep II domains; FP2, fusion protein containing the ROD and synergy sites; FP3, fusion protein containing the ROD site only; FP4, fusion protein containing the synergistic site; FP5. fusion protein containing the Hep II binding domain; FP6, fusion protein containing the V-region (IlICS) but lacking the LDV sequence (CSI site); FP7, fusion protein containing the LDV sequence of the V-region. cells are epithelial and elaborate a network of fibronectin fibrils lining their basal surface (Boucaut and Darribere, 1983) . These cells undergo epiboly, a morphogenetic process that is critical for ectoderm formation (Shi et aI., 1987) . Second, in the lower part of the animal hemisphere, cells of the marginal zone involute and ingress into the interior of the embryo where they actively migrate on the blastocoel roof using fibronectin fibrils as substratum (Boucaut et aI., 1984) . Together, these morphogenetic movements contribute to position the mesoderm. The cells of the marginal zone differ, however, with respect to their position, lineage, developmental fates and also to their way of migration (Delarue et aI., 1992) . In particular, at least two populations of mesoderm cells can be distinguished in the dorsal region of the marginal zone (called the dorsal marginal zone, DMZ). One, which corresponds to the presumptive head mesoderm (cephalic mesenchyme), contains cells that migrate in a dispersed manner. The second population of cells moves as a cohesive tissue behind the head mesoderm and forms the presumptive axial (chordal) and para-axial (somitic) mesoderm. It has been established that fibronectin can support attachment of ectoderm cells and spreading and migration of both populations of dorsal-mesoderm cells, but it is not known whether the RGD-independent adhesive domains of the molecule are relevant in these processes (Boucaut et aI., 1984; Darribere et aI., 1988) . Since ectodermal cells elaborate the network of fibronectin fibrils and dorsal mesoderm cells migrate on it to form the head, axial and para-axial mesoderm, it is important to know how the cell binding domains of fibronectin contribute to the different adhesive behaviors of these cells. Recently, the Pleurodeles waltl cellular fibronectin has been cloned, providing the possibility of producing fusion proteins to address this question (Clavilier et aI., 1993) .
In this report, we have examined the capacity of fusion proteins containing one or multiple cell-binding domains to promote attachment and spreading of dispersed cells, and to drive the expansion of a sheet of dorsal-mesoderm cells. We show that ectoderm cells attach but never spread on any fusion proteins containing the RGD or Hep II domains of fibronectin. We report also that fusion proteins containing both the RGD-dependent and the Hep II domains promote full spreading of isolated dorsalmesoderm cells. Finally, we show that the Hep II domain is needed in the fusion proteins for both cell migration as single cells and expansion of a sheet of dorsal-mesoderm cells.
Results
To determine the relative contribution of the RGDdependent and -independent binding domains of the cellular fibronectin in adhesive behaviors of amphibian embryonic cells, seven different fusion proteins were produced. They include one or a combination of domains known to possess cell binding activity (Fig. 1) . The attachment and spreading of isolated ectoderm and dorsalmesoderm cells ( Fig. 2A) and also the expansion of a cohesive sheet of dorsal-mesoderm cells (Fig. 2B) were analyzed.
The RGD-dependent and Hep 11 domains promote attachment of dispersed cells
Ectoderm cells plated on fibronectin or fusion proteins FPl (Synergy (syn)-RGD-Hep II), FP2 (Syn-RGD), and FP5 (Hep II) are immobile and spherical. Conversely, on these substrata, dorsal-mesoderm cells initially exhibit a hyaline lobopodium which corresponds to movements of the cytoplasm around the cell body. The cytoplasmic movements decrease and cells change their shape. Lobopodia form blebs which progressively extend blunt cytoplasmic projections. After 30 min, the blunt projections are replaced by filiform cytoplasmic protrusions and finally by lamelliform protrusions. In contrast, on BSA and fusion proteins FP3 (RGD), FP4 (Syn), FP6 (LDV-), and FP7 (LDV) neither ectoderm or dorsal mesoderm cells attach; instead, they form aggregates within 90 min.
To quantify the attachment, cells were seeded on fusion proteins and after a 90 min incubation, cu!t!'t'es were inverted on a second microwell plate. Cells which do not interact with the substrata fall into the second microwell plate. The percentage of attachment was determined and collated in Fig. 3A . The results show 70-80% attachment for both ectoderm and dorsal-mesoderm cells on fibronectin, fusion proteins FPl (Syn-RGD-Hep II), and FP2 (Syn-RGD), whereas no significant attachment is observed on fusion proteins FP3 (RGD), FP4 (Syn), BSA or glutathione-S-transferase (GST) alone. Fusion protein FP5 (Hep II) supported 70% of ectoderm-cell attachment, but only 40% of dorsal-mesoderm cell attachment. Finally, neither ectoderm nor dorsal-mesoderm cells attach to fusion proteins FP6 (LDV-) and FP7 (LDV) (Fig. 3A) . The RGD-independent sites of the V-region, therefore, do not promote attachment of the early gastrula cells.
Surprisingly, the fusion protein containing the RGD site alone (FP3), which is known to support adhesion of a number of cell types, does not mediate attachment of ectoderm or dorsal-mesoderm cells. As a control for this result, first a polymer containing mUltiple copies of the RGD sequence was tested. This poly-RGD peptide promotes attachment of both types of cells (Fig. 3A) . Second, the adhesive ability of fusion protein FP3 was examined using XTC cells showing adhesion of cells (data not shown).
The Hep II domain facilitates spreading of dorsalmesoderm cells
The analysis of cell spreading revealed that ectoderm cells never spread on fibronectin or any of the fusion proteins (Fig. 3B) . Conversely, on both fibronectin and fusion protein FPI (Syn-RGD-Hep II), dorsal-mesoderm cells spread to form broad lamellipodia and exhibit a bipolar or polygonal shape (Fig. 4A) . On fusion protein FP2 (Syn-RGD), 40% of cells show a typical spreading, while the others stay spherical, extending filopodia and lamellipodia at their periphery (Figs. 3B, 4C ). On poly-RGD, cells extend filopodia around the cell body and do not spread. On fusion protein FP5 (Hep II) dorsal-mesoderm cells often lose their lobopodium, remain spherical, extend filopodia and rarely exhibit a bipolar or polygonal shape as opposed to what is observed on fibronectin and fusion protein FPI (Syn-RGD-Hep II). On a mixture of fusion protein FP2 (Syn-RGD) and FP5 (Hep II), cells behave as they would on fusion protein FP2 (Syn-RGD) alone (data not shown). In contrast, non-adherent cells (e.g. FP3 (RGD), FP4 (Syn), BSA, or GST) maintain a spherical morphology, possess a lobopodium, and do not spread.
Comparison of results obtained on fusion proteins FPl (Syn-RGD-Hep II), FP2 (Syn-RGD) and FP5 (Hep II) indicates that the Hep II domain alone can support attachment, while it promotes dorsal-mesoderm cell spreading when present in association with the RGDdependent domains. This finding suggests that the Hep II domain is required to achieve full spreading of dorsal mesoderm cells. One way to test this possibility is to examine the behavior of cells on fusion proteins preincubated with heparan sulfate. As shown in Fig. 3C , heparan sulfate inhibits the attachment and spreading of cells on fibronectin, fusion proteins FPl (Syn-RGD-Hep II), FP5 (Hep II), as well as on a mixture of fusion proteins FP2 (Syn-RGD) and FP5 (Hep II). In all cases, cells remain spherical and form aggregates within 90 min. Finally, heparan sulfate does no perturb the attachment and spreading of cells on fusion protein FP2 (Syn-RGD; Fig.  3C ). This last result suggests that heparan sulfate specifically interferes with attachment and spreading on fibronectin and fusion protein FPI (Syn-RGD-Hep II).
The RGD-dependent and Rep II domains are required for proper expansion of a cohesive sheet of dorsal-mesoderm cells
DMZ was explanted from embryos and cultured on various substrata (Fig. 2B) . Three different behaviors were observed. First, on fusion proteins FP3 (RGD), FP4 (Syn), FP6 (LDY-), and FP7 (LDY), explanted mesoderm sheets did not attach nor expand. Within 24 h the DMZ forms a compact ball of cells. Second, on poly RGD and fusion protein FPS (Hep II), explants attach within 24 h, and the DMZ increases in thickness to form a multilayer of cells that does not expand (Fig. SA) . Finally, on fibronectin and fusion protein FPI (Syn-RGD-Hep II), explants adhere rapidly. We observed that within 2 h, the DMZ becomes flattened. Cells, at the marginal edge of the DMZ, extend filopodia and lamellipodia. While flattening, the DMZ elongates as a cohesive sheet of cells. Within 6 h, at the periphery of the cell sheet, 3~0 cells break away. They spread, gain a bipolar or polygonal shape and migrate. Within 24 h, a fan-shaped cohesive cell sheet with dispersed cells at the edges is observed (Fig. SB) . On fusion protein FP2 (Syn-RGD), we observe that the DMZ flattens and expands but no cells detach from the edge of the mesoderm cell sheet (Fig. SC) .
The expansion of the cell sheet was estimated by measuring the length from the dorsal lip of the blastopore to the outer edge of the cell sheet. The cohesive sheet of cells expands as efficiently on fibronectin as on fusion protein FPI (Syn-RGD-Hep II; Fig. 6 ). In 24 h, there is, on both substrata, an expansion of 1.S mm. By contrast, DMZ plated on fusion protein FP2 (Syn-RGD) show an expansion of only 0.7 mm. With a substrate composed of both fusion proteins FP2 (Syn-RGD) and FPS (Hep II), the DMZ explant extends as well as on fusion protein FPI (Syn-RGD-Hep II). Conversely, no expansion of the cohesive sheet was observed on BSA or bacterially expressed GST. When heparan sulfate was added before seeding DMZ explants, we did not observe significant effect on fusion protein FP2 (Syn-RGD), whereas the expansion of the DMZ explant was reduced on both fibronectin and fusion protein FPI (Syn-RGD-Hep II) (Fig.  6) . Furthermore, there was a dramatic decrease of the number of dispersed cells ahead of the mesoderm-cell sheet (Fig. SD,E) .
Discussion
The major conclusions of this report are: (1) the RGD-dependent and the Hep II domains of fibronectin mediate attachment and full spreading of isolated dorsalmesoderm cells; (2) both domains cooperate to mediate the proper expansion of a sheet of dorsal-mesoderm cells; (3) the Hep II domain facilitates cell migration as single cells ahead of the sheet of mesoderm cells We find that the fusion protein containing only the Hep II domain promotes attachment of both animal cap and dorsal-mesoderm cells. We report that a fusion protein containing both the Hep II and the RGD-dependent domains supports full expansion of a cohesive sheet of mesoderm and migration of single cells ahead of the cohesive sheet. We show also that the .presence of heparan sulfate inhibits the attachment of dorsal-mesoderm cells to fusion proteins containing the Hep II domain and reduces the expansion of the cell sheet as well as the number of dispersed cells. The fate map of the early gastrula indicates that the DMZ contains presumptive cells of the head, axial and para-axial mesoderm (Delarue et aI., 1992) . We propose, therefore, that in the culture of DMZ explants, the cohesive sheet of cells corresponds to axial and para-axial mesoderm, while the dispersed cells, observed ahead of the cohesive sheet, represent head mesoderm cells. Consequently, the results suggest that at least two domains of fibronectin, the RGD-dependent and the Hep II domains, might be required for complete expansion of axial and para-axial mesoderm and dispersion of head mesoderm. They suggest also that proteoglycans containing polysaccharides related to heparan sulfate modulate the adhesive activity of cells. In vivo, intrablastocoelic injections of sulfated components or heparan sulfate delay gastrulation which in turn produces anomalies in the anterior part of the Xenopus embryo (Slack et al., 1987; Mitani, 1989) . The same experiment in Pleurodeles delays mesoderm cell migration, reSUlting in a defect in migration of presumptive head mesoderm cells (Alfandari and Darribere, unpublished results) . Injection of heparan sulfatase into Xenopus blastulae produces reversal of the left-right asymmetry of both heart and gut (Yost, 1992) . Although heparan sulfate is not detected in the embryo, proteoglycans containing polysaccharides related to heparan sulfate may be present. It has been shown that in Xenopus and Rana pipiens embryos, heparan sulfate proteoglycans are the major sulfated proteoglycans of both the gastrula and neurula (Kosher and Searls, 1973; Johnson, 1978; Yost, 1990; Itoh and Sokol, 1994) . In Pleurodeles, there is evidence that cell surface glycoproteins change at the onset of gastrulation, but no data are available concerning proteoglycans (Darribere et aI., 1982; Riou et aI., 1986) .
The inhibition of attachment of dispersed mesodermal cells, observed with heparan sulfate, suggests that attachment could require cell surface proteoglycans or that heparan sulfate perturbs by steric hindrance the interaction between Hep II-containing fusion proteins and cell surface receptors. For example, we cannot rule out the possibility that the fibronectin receptor, integrin <X4~1' which is reported to interact with the IDAPS sequence in the 14th type III repeat of the Hep II domain, may act in concert with proteoglycans to mediate this adhesive behavior (lida et aI., 1992). Alternatively, it is possible that cell surface proteoglycans may alter the activity of integrin <X4~1 on the mesoderm cell surface. Unfortunately, no information is available concerning integrin <X4~1 in Pleurodeles. In Xenopus, transcripts encoding Xenopus integrin <X4 subunit are first detected during gastrulation (Whittaker and DeSimone, 1993) . Future studies could be directed towards examining if proteoglycans and/or integrin <X4~1 are present, and also to define the sequences within the Hep II domain involved in adhesion, spreading, and possibly migration of head, axial and para-axialmesoderm cells.
Fibronectin and fusion proteins containing the RGDdependent domain promote only attachment of ectoderm cells, but mediate spreading of dorsal-mesoderm cells, suggesting that, according to their position in the embryo, cells behave differently on fibronectin. One explanation of this cell behavior is that a cell may express or activate different fibronectin receptors able to modulate its attachment or spreading. It has been shown that the <XS~I integrin is the major fibronectin receptor, and binds specifically to the RGD sequence (Yamada, 1991) . This finding, along with previous data showing that this integrin is expressed at the cell surface of all cells in Pleurodeles as well as in Xenopus (Darribere et aI., 1988; Gawantka et aI., 1992; Joos et aI., 1995) , provides support for the hypothesis that <XS~I integrin promotes attachment of embryonic cells but is not sufficient to mediate full spreading of dorsal-mesoderm cells. The RGD sequence is also known to be the cell binding site for integrins <X3~h <XIIb~3' <Xy~I' <Xy~3' <Xy~6' <X7~b <X8~1 (Edelman et aI., 1995) . In Pleurodeles, the ~I' <Xy, <X2 and <Xs integrin subunits have been identified at the onset of gastrulation (Darribere et aI., 1988 (Darribere et aI., , 1990 Alfandari et aI., 1995) . In Xenopus, multiple integrin subunits are co-expressed in early development such as ~I' ~2' ~3' ~6 (Ransom et aI., 1993) , <X2, <X 3 , <X4, <Xs, <X6 and <XIIb (Whittaker and DeSimone, 1993 ; Lallier et aI., personal communication), suggesting distinct or redundant adhesive functions especially with fibronectin. We suggest, therefore, the above model to explain the adhesive interactions between cells and fibronectin at the onset of gastrulation. Cells of the animal cap, which in the embryo organize fibronectin fibrils and undergo epiboly, attach but do not spread on fibronectin. We propose that they interact with fibronectin to form fibrils using the RGD and the synergy-sites and at least one integrin, for example integrin <XS~I' The fact that RGD peptides and antibodies against the integrin <XS~I perturb in vivo fibronectin fibrillogenesis strengthens this hypothesis (Darribere et aI., 1988 (Darribere et aI., , 1990 (Darribere et aI., , 1992 On the other hand, dorsal-mesoderm cells, which migrate actively during gastrulation, attach and spread on fibronec-tin when RGD-dependent sites are present. Full spreading of dispersed mesoderm cell, complete expansion of a cohesive sheet of dorsal-mesoderm and dispersion of head mesoderm cells are favored by the presence of the Hep II domain. The Hep II-dependent interaction might involve cell surface proteoglycans and/or an unidentified integrin, whereas RGD-dependent interactions require one or a combination of integrins. In this context, it is interesting to note that the integrin a y subunit has recently been reported to be expressed at the surface of dorsal-mesoderm cells (Alfandari et aI., 1995) . The integrin a y subunit can associate with several different 13 subunits including 131' 133, 135, 136 , and 138 to form receptors for extracellular matrix proteins (Edelman et aI., 1995) . It has been established that the a y integrin family, including a.j3J, a.j36' a.j35 and a.j33 have specific roles in controlling adhesive cell behaviors (Delannet et aI., 1994; Piali et aI., 1995) . We hypothesize that integrins of the a y family, therefore, might be important in the adhesive behavior of mesoderm cells. Recent work in Xenopus, however, suggests that position-specific changes in integrin-dependent adhesive activity do not require differences in integrin expression, and further, that a single integrin can mediate both the attachment and spreading behavior (Ramos and DeSimone, unpublished; Ramos et aI., unpublished) .
At the onset of gastrulation in Xenopus, fibronectin containing the V-region (V+ fibronectin) has been shown to be the major isoform expressed in the extracellular matrix (DeSimone et aI., 1992; Danker et aI., 1993) . On the other hand, this domain has been described as the second major cell binding domain containing two sites for adhesion. Their minimal sequences are Leu-Asp-Val (LDV), Arg-Glu-Asp-Val (REDV) or Arg-Gly-Asp-Val (RGDV). These sites support attachment, spreading and migration of fibroblasts, lymphocytes, monocytes and neural crest cells (Humphries et aI., 1987; Dufour et aI., 1988; Guan and Hynes, 1990; Woods et aI., 1993) . In Pleurodeles, the LDV sequence of the V-region is conserved and the REDV sequence is replaced by REDI (Clavilier et aI., 1993) . This is consistent with an important role for the V-region and raises the question of its function in the adhesive behaviors of mesoderm cells (Clavilier et aI., 1993) . Fusion proteins corresponding to the V-region, which either contain or lack the LDV sequence (FP7 or FP6, respectively), are not able to promote attachment or spreading of isolated ectoderm and dorsal-mesoderm nor the expansion of a sheet of dorsalmesoderm. On fusion protein FPl, which contains the RGD-dependent and Hep II binding domains but lacks the LDV sequence, cells of the DMZ attach and spread as efficiently as on fibronectin. We observed also that on a substrate composed of a mixture of fusion proteins FPl and FP7 both containing the LDV sequence, support spreading of dorsal-mesoderm cells similar to that observed on fibronectin or FPl alone, suggesting that the fusion protein containing the LDV sequence does not affect the behavior of dorsal-mesoderm cells. This apparent contradiction, between our results and those previously described, may be attributable to conformational changes in fusion protein FP7 (LDV) yielding inaccessible the LDV sequence. Alternatively, we cannot rule out the possibility that the LDV sequence of the V -region has no major functional significance for adhesive interactions of amphibian embryonic cells with fibronectin, at the onset of gastrulation. In support of this hypothesis, no perturbation of mesoderm-cell interactions with fibronectin has been observed when FP6 (LDV-) and FP7 (LDV) fusion proteins are injected into the blastocoel before and during gastrulation (unpublished results). Recently, in Xenopus embryos, Ramos and DeSimone (1995) have reported that cells from gastrulae do not attach or spread on the V-region. Our results are consistent with this report.
Experimental procedures

Fusion proteins
Fibronectin fusion proteins were constructed by subcloning defined regions of cDNA from Pleurodeles cellular fibronectin (Clavilier et aI., 1993) , into the pGEX-KG plasmid (Guan and Dixon, 1991) . Subclones were derived from two cDNA clones. The first, named PFNlO, contains the V-region but lacks the LDV sequence. The other, PFN8, contains the V-region with the LDV sequence.
The cDNA encoding fusion protein PI (FPl) (Fig. 1 ) was obtained by inserting the Hinc WHinc II fragment of PFNIO into the Sma I site of pGEX-KG. The cDNA corresponding to the synergistic sites and the RGD containing fusion protein (FP2) was produced by cutting the PFNIO clone with Hinc II and Spe I. The Spe I end was then blunted in order to insert the 1328 bp cDNA into the pGEX-KG Sma I site. Orientation was tested by restriction digest, sequence analysis and protein expression. To obtain the cDNA encoding the fusion protein containing the RGD sequence (FP3), the clone PFNI0 was first digested with Spe I and blunted. The resulting cDNA (784 bp) was then digested with EcoR I and ligated into a new pBluescript SK-opened with EcoR I and Hinc II. This temporary construct was finally digested with BamH I and Xho I, and cloned into pGEX KG. The cDNA for the fusion protein containing the synergistic sites alone (FP4) was produced using a Hinc IIlEcoR I fragment (560 bp). A Spe I1Xmn I fragment of PFNI 0 was used for the fusion protein FP5. This cDNA was first subcloned into bluescript blunted at the Sac II site and open with Spe I on the other side. This construct was then excised with Sac I and BamH I and cloned into pGEX-KG. In the V region, the insert for the fusion protein without LDV sequence (FP6) was derived from the PFNI0 clone by subcloning a Xmn I1Xho I fragment (595 bp) into Sma I and Xho I digested pGEX-KG vector. The cDNA encod-ing fusion protein containing the LDV sequence (FP7) was obtained from the digestion of PFN8 with Xba I and Xho I, and subcloning into pGEX-KG.
All fusion proteins were produced by induction with isopropyl-fJ-D-thiogalactoside (IPTG, Appligene) and purified as described in Guan and Dixon (1991) . Purity of each fusion protein was tested by SDS-PAGE (Laemmli, 1970) . One band is observed for each fusion protein except for FP4 (not shown).
Preparation of cells and dorsal marginal zones
Embryos of the amphibian urodele Pleurodeles waltl were obtained from natural matings. They were collected and staged as described by Shi and Boucaut (1995) . Embryos were mechanically dejellied and washed in 10% normal amphibian medium (NAM; Slack, 1984) . At the early gastrula stage (stage 8a), the vitelline membrane was removed manually. In order to obtain isolated cells, explants of the animal cap and the dorsal marginal zone were separated by dissection with platinum needles, as shown in Fig. 2A . The tissue fragments were incubated separately in Ca 2 +, Mg2+-free NAM with 2 mM EDTA. Cells were dispersed by gentle rocking of the explants during 30 min. Finally, isolated cells were washed and incubated in 67% Leibovitz medium (US, Gibco) at 20°C before seeding on fusion proteins as described below.
To obtain in vitro cultures of the DMZ which mimics mesoderm-cell migration observed in vivo, DMZ explants (0.8 mm in width, 1 mm in length) were dissected in 67% US from embryos (stage 8a) as described previously (Shi et al., 1989) (Fig. 2B ). Explants were placed face-down on the conditioned area of the plastic tissue culture dishes and covered with a coverslip fragment. They were cultured in 67% US supplemented with gentamycin (25 mg/ml).
Preparation of substrates
Substrates for cell attachment and spreading assays were prepared in a 96 microwell plate (Nunc). Substrates for DMZ attachment and the expansion assays were prepared on plastic tissue culture dishes (Corning, 60 X 15 mm, ;t:25010). Areas of 5-6 mm in diameter were conditioned. Each well or area was coated with human or amphibian plasma fibronectin, or different fusion proteins at concentrations of 10 mg/ml in NAM overnight at 4°C in a humidified chamber. After three washes with NAM, the dishes were incubated with bovine serum albumin (BSA, 0.5 mg/ml) in NAM for at least 60 min to block non-specific binding sites. The surfaces were rinsed extensively with 67% US. For some experiments, substrates were coated with fibronectin or fusion proteins, non-specific binding sites were blocked with BSA and substrates were further incubated with heparan sulfate (50,ug/ml) for 1 h. The wells were rinsed with 67% US. Human fibronectin, fibronectin-like engineered protein polymer (poly RGD) and heparan sulfate were from Sigma.
For some experiments, substrates were coated with fibronectin or fusion proteins, non-specific binding sites were blocked with BSA, and heparan sulfate was added for an incubation of 1 h.
Attachment, spreading and expansion assays
Dispersed ectoderm or dorsal-mesoderm cells (0.4-0.5 X 10 3 cells) were seeded in a microwell plate previously coated with defined fibronectin fusion proteins. Attachment of cells was scored 90 min after seeding as follows. The plate was inverted on a second microwell plate and allowed for 5 min. Then, the two plates were separated. The unbound and the bound cells of each well were scored by manual counting. The percentage of adherent cells per well was expressed as: attachment (% cells) = number of bound cells X 100/number of seeded cells. For each experiment non-specific binding was determined by seeding cells on BSA or GST alone.
Cell spreading was measured by direct manual counting 90 min after seeding. We scored a cell as being spread when cell assumed a bipolar, triangular or polygonal shape as described in Darribere et al. (1988) .
The expansion of the cohesive sheet of cells, which stems from the DMZ explant, was observed during a 24 h period. The expansion was defined by measuring the length between the dorsal lip and the margin of the cohesive sheet of cells. The measurements were done directly with an eyepiece reticule or on photographs.
